A new fossil diatom species, Tetracyclus radius sp. nov, is described from freshwater sediments under the Yamato Bank in the Japan Sea. Its valve outline is circular with radiating costae and has a single rimoportula. There is no distinct sternum but a hyaline central area is present. The freshwater sediments are deposited before the Early Pliocene by diatom biostratigraphy of the overlying marine sediments.
Introduction
The diatom genus Tetracyclus Ralfs is mainly composed of extinct, freshwater species, most having characteristic valve shapes. The valve outline can be circular (Williams & Li 1990) , elliptical/rhomboidal (Williams 1996) , elongate (Williams 1996) or with certain parts constricted (Williams 1989 (Williams , 2007 (Williams , 2009 ). All known species, however, have uniseriate striae that may be somewhat disorganized but are transversely arranged on a flat valve face; they are not interrupted by the internal costae. The more or less elongate valves are symmetrical about the apical axis and the sternum is of an irregular structure, defined by terminating striae.
At present Tetracyclus has over 30 species (Williams 1996) . A number of fossil species have been described from East Asia: T. japonicus (Petit 1890 : 2) Tempère & Peragallo (1909: 185) and T. polygibbum (Pantocsek 1892: pl. 2, fig 19) Jousé (1952: 242) from Japanese sediments (Williams 1996) ; T. ovaliformis Li (1984: 234) , T. shanduensis Li (1984: 235) , T. subclypeus Li & Williams (in Williams & Li 1990: 336) ; and T. subdivisium Williams & Li (1990: 337) from Late Miocene deposits in Inner Mongolia (Williams & Li 1990 ). This paper documents a new fossil species of Tetracyclus from freshwater sediments at the earliest Middle Miocene. The specimens were found in the central part of the Japan Sea (Burckle & Akiba 1978) . In this area, freshwater lakes were known to be formed during the Early to earliest Middle Miocene (about 20 to 15 Ma), accompanied by the birth and expansion of the Proto-Japan Sea Torii et al. 1985; Jolivet & Tamaki 1992; Tamaki et al. 1992) .
Material and methods
A deep-sea core, RC12-394, was recovered from the northeast flank of the Yamato Bank at lat. 40º 19' N, long. 136º 13.5' E in 2338 m of water depth (Burckle & Akiba 1978) . The core was composed of 376 cm-thick freshwater sediments under 225 cm-thick marine sediments. Raw material taken from 490 cm core depth was examined for this study. The freshwater sediments had no marine diatoms but many species from the nonmarine genera Aulacoseira Thwaites (1848: 167) and Actinocyclus Ehrenberg (1837: 61) .
Based on geographical, geological and biostratigraphical evidence, Burckle & Akiba (1978) proposed that the freshwater sediments were formed when the Japan Sea was a fresh-water lake. Yamato Bank is irregularly raised in the Japan Sea and its basement granitic rocks originate from continental crust (Ludwig et al. 1975) . It differs from the basaltic basement in Nihon and Yamato Basins around the bank. Diatom biostratigraphy (Burckle & Akiba 1978) suggests the bottom of the marine sediment in RC12-394 core corresponds to the early Pliocene. The freshwater section would have been deposited earlier than the marine sediment, probably in the Late Miocene, considering little erosion and deposition between freshwater and marine strata.
The raw material was boiled in 15 % hydrogen peroxide (H 2 O 2 ) for 30 minutes and decanted 3 times with distilled water. For light microscopy (LM), suspended material was dried on 18 × 18 cover slips (Matsunami, No. 1), mounted on glass slides (Matsunami, S-1112) with styrax resin (Sigma Storax) and heated at 80 ºC for 2 weeks to fix the resin. For scanning electron microscopy (SEM), the suspension was filtered with a Millipore type HA filter. The filter was dried and mounted on JEOL tin stubs. LM and SEM were performed using a Nikon ECLIPSE 80i and a JEOL JSM-5310 (National Museum of Nature and Science), respectively. Terminology follows Ross et al. (1979) and Round et al. (1990) .
New species description
Division Bacillariophyta Class Fragilariophyceae Round in Round et al. 1990 Order Fragilariales Type:-JAPAN. Deep-sea sediments at the earliest Middle Miocene, 490 cm in depth of the RC12-394 core, recovered from the Yamato Bank, Japan Sea (holotype MPC-04211).
Vegetative cells: Valves circular, 10-30 µm in diameter, striae density c. 25-30 in 10 µm at margin on valve face; c. 30 areolae in 10 µm, arranged radially. Valve face flattened, mantle vertical. Valve face with central hyaline area, lacking sternum; valve face and margin with internally developed radial transapical ribs and striae. Some ribs extending towards central area, some part way onto valve face, others present only at mantle. Striae composed of parallel rows of areolae. Single rimoportula, simple slit externally, located within stria, with paired lips, internally. Cingulum composed of more than 5 open copulae, band orientation at 90 o to rimoportula. Each copula with ligula and paired areolae divided by septum; areolae in parallel rows. No evidence of further band differentiation.
Initial cells: Hemispherical with thin valve margin, 25-30 µm in diameter. Central area with irregularly arranged areolae and hyaline structures. Marginal area composed of internally developed radial costae and striae. Striae composed of parallel areolae rows, single rimoportula located within stria, structure as in vegetative valve.
Observations
The vegetative valves are circular, 10-30 µm in diameter (Figs 1-3) . The valve face is flattened and the mantle vertical, situated almost at right-angles to the valve face (Figs 8, 9 ). The valve face has an irregularly spaced central hyaline area, lacking any obvious sternum (Figs 1-3 , 8, 11, 12, 17-19) . On the valve face and margin, along with uniseriate striae, there are well developed radial transapical ribs (Figs 11, 12, (17) (18) (19) . Some of these ribs extend towards the central area (Figs 11, 12, (17) (18) (19) , others extend part way onto valve face (Figs 11, 12, (17) (18) (19) , and others still are present only on the mantle (Fig. 17) . The striae are composed of single, parallel rows of areolae, with a density of c. 25-30 in 10 µm at margin on valve face. In total there are c. 30 areolae in 10 µm arranged radially. A single rimoportula is located within stria (Fig. 8) , as a simple slit, externally, with paired simple lips, internally (Fig. 14) . The cingulum is composed of at least 5 open copulae (Figs 4, 9, 10) . The bands are orientated at 90 o to the rimoportula (Figs 11, 13) . Each copula has a ligula and paired areolae, which are separated by a septum (Figs 15, 16) . The copulae areolae are in parallel rows either side of the septum (Fig. 10) .
Initial cells were noted as hemispherical with a thin valve margin (Figs 5-7, 20) , 25-30 µm in diameter. Like the vegetative valve, the central area has irregularly arranged areolae as well as transapical ribs (Fig. 5-7) . The margin, internally, also has transapical ribs as well as striae (Fig. 20) . The striae are in parallel rows; there is a single rimoportula located within stria, its structure as in the vegetative valve.
Discussion
Using only LM, it is difficult to distinguish Tetracyclus radius from taxa classified in the family Stephanodiscaceae Glezer & Makarova. For example, T. radius appears similar to Cyclotella atomus Hustedt (1937: 143) as both appear to share a non-areolated central area and the valve margins are composed of a series of radial costae (transaspical ribs) and striae. However, T. radius lacks fultoportulae, a defining feature of taxa in Stephanodiscaceae. Additionally, T. radius has its rimoportula situated within a stria, whereas in Stephanodiscaceae valves have it fixed to a costa in the mantle (sometimes within the hyaline central area) (e.g. Håkansson 2002 ). However, a few species in the genus Discostella Houk & Klee (2004: 205) In Tetracyclus itself, most species have elongated valves (either oval, elliptical or rhomboidal) often with the central part expanded or constricted; the striae and transapical ribs are symmetrically relative to the sternum (apical axis) (e.g. Williams 1996 , 2009 , Williams & Li 1990 . In contrast to this group of species, T. radius has valves with a perfectly circular outline, and the striae and transapical ribs radially arranged. T. radius differs from other species of Tetracyclus because the central area does not form an obvious sternum. However, the central area of T. radius is often elongated resembling a rudimentary sternum, that is the central area is oriented in line with the open end of the copulae, suggesting that valve silicifcation is like that in other species of Tetracyclus (Figs 8, 11, 17, 19) . Therefore, the sternum of T. radius exists as a simple modified hyaline central area.
Other Miocene fossil species of Tetracyclus are T. subclypeus and T. subdivisium (Williams & Li 1990 ) both from Inner Mongolia, both resembling T. radius. Tetracyclus subclypeus has valves with a circular outline, but the striae and transapical ribs are symmetrically arranged with respect to the sternum, as distinct from T. radius. Tetracyclus subdivisium also has circular to subcircular valves, and smaller specimens have radially arranged transapical ribs, similar to T. radius. However, T. subdivisium has no more than two transapical ribs, and in larger specimens they are parallel. Therefore, as T. radius always has many radially arranged ribs it can be clearly differentiated from T. subdivisium. Li (1982) presented many LM and SEM images of fossil species of Tetracyclus from Inner Mongolia, including specimens with valves having a circular outline and radial transapical ribs. These are distinct from T. radius as they have an elongated central area which clearly forms a sternum. These specimens were probably misidentified as T. japonicus by Li (1982) and may be an as yet described species (see Williams 1989) .
